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ABSTRACT 

Results are repor ted f o r  a se r ies  o f  experiments i n  which Wyodak subbituminous coal 
and shale o i l  der ived from medium grade Colorado shale were co-processed a t  t y p i c a l  
Coal l i q u e f a c t i o n  reac t i on  condi t ions.  D i s t i l l a t e  y i e l d s  i n  excess o f  60 w t %  MAF 
coal w i t h  corresponding hydrogen consumption values o f  l ess  than 2.8 w t %  MAF coal 
were obtained i n  a once-through process con f igu ra t i on .  Encouraging r e s u l t s  were 
a l s o  obtained from low s e v e r i t y  experiments us ing  CO/H20 r a t h e r  than H2 as reducing 
agent. Prehydrotreatment of t he  shale o i l ,  feed coal r e a c t i v i t y ,  and use o f  a 
disposable c a t a l y s t  were shown t o  a f f e c t  process performance. 

INTRODUCTION 

A number o f  s tud ies have been repor ted i n  which coal and non-coal-derived heavy 
so lvents  were simultaneously converted t o  more va luable d i s t i l l a b l e  l i q u i d  products 
(1 - 6). T h i s  type o f  once-through process, known as co-processing o r  l i q u e f a c t i o n  
co-processing, has several p o t e n t i a l  advantages over conventional d i r e c t  1 iquefac-  
t i o n :  

Recycle so lvent  requirements are reduced o r  e l im ina ted  r e s u l t i n g  i n  lower 

Ex i s t i ng  petroleum r e f i n e r y  capaci ty  can be u t i l i z e d  w i t h  minimal process 

However, 1 i que fac t i on  co-processing does s u f f e r  from a number o f  t e c h n i c a l  problems 
which must be solved before commercial development can proceed. Most non-coal- 
de r i ved  heavy o i l s  de r i ved  f rom petroleum, o i l  shale, or t a r  sands are l ess  a ro -  
mat ic  than coal-derived l i q u i d s ,  and, n o t  s u r p r i s i n g l y ,  have been shown t o  be 
r a t h e r  poor coal d i s s o l u t i o n  solvents. Typ ica l l y ,  very  severe thermal reac t i on  
cond i t i ons  and/or use of expensive heterogeneous c a t a l y s t s  are u t i l i z e d  dur ing 
co-processing t o  ob ta in  s u f f i c i e n t l y  h igh l e v e l s  o f  coal conversion. Th is  general- 
l y  r e s u l t s  i n  excessive hydrogen consumption and crack ing o f  d i s t i l l a b l e  l i q u i d s  t o  
gases. 

An a l t e r n a t e  approach t o  the  problem o f  i nc reas ing  coal d i s s o l u t i o n  has been 
employed i n  the present study. Results o f  exp lo ra to ry  l i q u e f a c t i o n  co-processing 
experiments demonstrated t h a t  se lected non-coal-derived heavy o i l s ,  each w i t h  a 
n i t rogen  content i n  excess o f  about 1.2 w t % ,  cou ld  be used t o  d i s s o l v e  Wyodak 
subbituminous coal a t  t y p i c a l  coal l i q u e f a c t i o n  reac t i on  cond i t i ons  (7 ) .  Th i s  
e f fec t  was n o t  su rp r i s ing ,  s ince qu ino l i ne - t ype  n i t rogen  compounds such as te t rahy -  
d roqu ino l i ne  (THQ) have been shown t o  g r e a t l y  enhance coal d i s s o l u t i o n  i n  model 
compound stud ies ( 8  - 10). Based on encouraging r e s u l t s  from the  exp lo ra to ry  
screening runs, add i t i ona l  co-processing s tud ies  us ing  promising coal lheavy o i l  
combinations were undertaken. 

The ob jec t i ve  o f  t h i s  paper is t o  r e p o r t  y i e l d  and conversion r e s u l t s  f rom l i q u e -  
f a c t i o n  co-processing experiments us ing  Slyodak subbituminous coal and shale o i l  

Two low grade feeds are converted t o  h igher  q u a l i t y  l i q u i d  products. 

c a p i t a l  investment and opera t i ng  costs. 

modi f icat ion.  
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derived from medium grade Colorado shale. Runs designed t o  demonstrate the effects  
of feed coal r e a c t i v i t y ,  mild hydrotreatment of feed shale oil pr ior  t o  co-process- 
ing, and use of hydrogen or  carbon monoxide/water as feed gas were included in t h i s  
study. 

EXPERIMENTAL PROCEDURE 

Wyodak subbituminous coal samples Wyo-1 and Wyo-3 were used as feed coals in the 
liquefaction co-processing experiments. Ultimate analyses f o r  these samples are  
presented in Table I .  Sampling and preparation de ta i l s  of the coals have been 
reported elsewhere (11, 1 2 ) .  Previous react ivi ty  studies performed on four Wyodak 
subbituminous coals including Wyo-1 and Wyo-3 indicated t h a t  wyo-3 coal was an 
extremely reactive coal a t  representative direct  liquefaction reaction conditions 
(11, 1 3 ) .  The high degree of react ivi ty  was primarily a t t r ibuted t o  the high 
organic su l fur  and react ive maceral ( v i t r i n i t e  and  exini te)  contents of Wyo-3 coal. 
Wyo-1 coal was found t o  be much less  reactive a t  liquefaction reaction conditions. 
Coal samples were dried t o  less  t h a n  1.0 w t %  moisture content before use i n  the 
liquefaction co-processing experiments. 

Two shale oil samples were used in the liquefaction co-processing runs. Solvent 
A-5 was a f u l l  boiling range sample of shale o i l  obtained from the Western Research 
Ins t i tu te  (formerly the  Laramie Energy Technology Center of the Department of 
Energy). This sample was produced from thermal re tor t ing of medium grade ( 2 9  
gal/ton) Colorado o i l  shale. Solvent A-6 was prepared by mildly hydrotreating a 
portion of sample A-5 i n  a two l i t e r  batch Autoclave Magnedrive I1 reactor a t  650°F 
f o r  one hour with a n  i n i t i a l  cold hydrogen pressure of 2000 psig. Nalcomo 477 
cobalt molybdate ca ta lys t  was used t o  hydrotreat the shale o i l .  Catalyst samples 
were thermactivated a t  1000°F f o r  two hours in a muffle furnace prior t o  use. 
Approximately 0.6 w t %  hydrogen was consumed by the shale o i l  during hydrotreating. 
Properties of shale o i l  samples A-5 and A-6 are presented i n  Table 11. Approxi- 
mately 50 w t %  of the nitrogen in these samples existed in quinoline-type or hydro- 
quinol ine-type molecular s t ructures .  

Iron oxide provided by the Kerr-McGee Corporation and carbon disulf ide were used as 
disposable catalysts  i n  some co-processing runs using hydrogen as feed gas.  Each 
of these materials was added t o  the reaction mixture in a n  amount equal t o  5 w t %  of 
the  dry feed coal. Iron su l fa te  (5 w t %  MF feed coal) was used as catalyst in 
selected CO/H20 experiments. 

The liquefaction co-processing experiments were carried out in a 60 cm3 st i r red 
microautoclave reactor  system designed and constructed a t  the University of Wyo- 
m i n g .  The reactor was s imilar  t o  larger  Autoclave batch reactors except t h a t  
heating was accomplished w i t h  a n  external high temperature furnace. A t  the end of 
each run, the reactor and i t s  contents were quenched with an icewater batch. This 
reactor system provided the benefits of small tubing bomb reactors [quick heatup 
( - 2  min. from room temperature t o  8 5 O O F )  and cooldown (-30 sec. back t o  room 
temperature)], while a t  the same time insuring suf f ic ien t  mechanical agitation of 
the  reactants with a n  Autoclave Magnedrive I1  s t i r r i n g  assembly t o  minimize hydro- 
gen mass t ransfer  e f fec ts .  The system was also designed so t h a t  the reactor 
pressure was very nearly constant t h r o u g h o u t  an experiment. Two iron-constantan 
thermocouples attached t o  a Fluke 2175A dig i ta l  thermometer were used for  tempera- 
tu re  measurements. One thermocouple measured the temperature of the reactor 
contents, while the other  measured the temperature of the reactor wall. Reactor 
pressure was monitored using a 0 - 5000 psi Marsh pressure gauge. 

A majority o f  the liquefaction co-processing runs were completed a t  representative 
coal liquefaction reaction conditions: 825°F reaction temperature, 2000 psi9 
i n i t i a l  cold hydrogen pressure, and 30 or 60 minutes reaction time. Some prelimi- 
nary experiments were also completed a t  more mild reaction conditions using carbon 
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monoxide and water r a t h e r  than hydrogen as the reducing agent. I n  these runs, 
hydrogen was produced from CO and h 0  v i a  the water gas s h i f t  reac t i on .  The CO/H20 
runs were completed a t  600°F reac t i on  temperature, 1500 p s i g  i n i t i a l  c o l d  carbon 
monoxide pressure, and 30 minutes reac t i on  t ime. D i s t i l l e d  water  i n  an amount 
equal t o  50 w t %  o f  t he  d r y  feed coal was added t o  runs us ing  a carbon monoxide 
atmosphere. 

Gaseous products were analyzed us ing gas chromatography. Water and d i s t i l l a t e  
y i e l d s  were measured by d i s t i l l i n g  po r t i ons  o f  t he  combined l i q u i d - s o l i d  product 
m ix tu re  t o  an 850OF endpoint i n  a m i c r o d i s t i l l a t i o n  apparatus. Add i t i ona l  po r t i ons  
of the l i q u i d - s o l i d  product  m ix tu re  were ex t rac ted  i n  a Soxhlet  e x t r a c t i o n  appara- 
t u s  us ing cyclohexane, to luene,  and py r id ine .  D e t a i l s  of the experimental proce- 
dures used i n  t h i s  work have been repor ted (7) .  

RESULTS AN0 DISCUSSION 

Using data co l l ec ted  w i t h  the a n a l y t i c a l  procedures described, d e t a i l e d  y i e l d  and 
conversion r e s u l t s  were computed f o r  each l i q u e f a c t i o n  co-processing run. D e t a i l s  
of the computational methods used i n  t h i s  study have been descr ibed p rev ious l y  (7 ) .  
For  purposes o f  the present  d iscuss ion,  process performance w i l l  be monitored us ing  
t h e  f o l l o w i n g  three parameters: C4-850°F d i s t i l l a t e  y i e l d  (wt% MAF coal  bas is) ,  
hydrogen u t i l i z a t i o n  e f f i c i e n c y ,  and p y r i d i n e  conversion ( w t %  MAF bas is ) .  Hydrogen 
u t i l i z a t i o n  e f f i c i e n c y  i s  def ined as the mass o f  C 850°F d i s t i l l a t e  produced per  
u n i t  mass o f  hydrogen consumed. The va lue o f  t$:s parameter prov ides a good 
i n d i c a t i o n  o f  t he  o v e r a l l  e f f i c i e n c y  o f  hydrogen consumed i n  the co-processing 
experiments. Pyr id ine conversion i s  def ined as a measure o f  t he  ex ten t  o f  conver- 
s i o n  o f  a l l  feeds (coal  and non-coal-derived heavy o i l )  t o  p y r i d i n e  so lub le  pro- 
ducts. However, s ince both A-5 and A-6 shale o i l  samples were complete ly  so lub le  
i n  py r id ine .  the p y r i d i n e  conversion values repo r ted  i n  t h i s  paper a r e  d i r e c t  
measures o f  the ex ten t  o f  coal conversion i n  the co-processing runs. 

E f f e c t  o f  Shale O i l  Prehydrotreatment 

The r e s u l t s  from l i q u e f a c t i o n  co-processing experiments us ing  Wyo-3 coal  and A-5 o r  
A-6 shale o i l  a t  825°F and 2000 p s i g  i n i t i a l  c o l d  hydrogen pressure a re  shown i n  
F igures 1 - 3. It i s  apparent from t h i s  data t h a t  m i l d  prehydrotreatment o f  the 
shale o i l  p r i o r  t o  co-processing g r e a t l y  enhances process performance. D i s t i l l a t e  
y i e l d s  o f  55 - 60 w t % ,  hydrogen u t i l i z a t i o n  e f f i c i e n c i e s  o f  about 20, and p y r i d i n e  
coal  conversion values o f  68 - 85 w t %  were obtained us ing  Wyo-3 coal and A-6 shale 
o i l .  S i m i l a r  enhancement e f f e c t s  were seen us ing Wyo-1 feed coal .  Previous co- 
processing studies by Kerr-McGee us ing Ohio No. 5 bituminous coal and Canadian Cold 
Lake bitumen a lso demonstrated the  b e n e f i c i a l  e f f e c t  o f  heavy o i l  hydrotreatment 
p r i o r  t o  co-processing (14). 

A t  l e a s t  two poss ib le  reasons e x i s t  f o r  the e f f e c t s  shown i n  F igures 1 - 3. F i r s t ,  
m i l d l y  hydrot reated A-6 shale o i l  acted as a more powerful hydrogen donor so l ven t  
than A-5 i n  promoting coal conversion and d i s t i l l a t e  product ion.  Secondly, t he  
qu ino l  ine- type n i t rogen  content  o f  A-5 was approximately 0.7 w t % .  M i l d  hyd ro t rea t -  
ment of A-5 presumably converted a number o f  the qu ino l i ne  s t r u c t u r e s  t o  hydroqui- 
n o l i n e  s t ructures.  As mentioned e a r l i e r  i n  t h i s  paper, hydroquinol ines such as 
te t rahyd roqu ino l i ne  (THQ) have been shown t o  a c t i v e l y  promote coal s o l v a t i o n  i n  
d i r e c t  l i que fac t i on .  The data shown i n  Figures 1 - 3 suggest t h a t  a s i m i l a r  e f f e c t  
occurred dur ing l i q u e f a c t i o n  co-processing w i t h  A-6 shale o i l .  

E f f e c t  o f  Feed Coal R e a c t i v i t y  

F igure 4 presents a comparison o f  y i e l d  r e s u l t s  fo r  co-processing runs us ing  Wyo-1 
and Wyo-3 coal. These data show t h a t  l i q u e f a c t i o n  co-processing performance i s  a 
s t rong  func t i on  o f  feed coal  r e a c t i v i t y  as measured by the  ex ten t  o f  d i s s o l u t i o n  t o  
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p y r i d i n e  so lub les and d i s t i l l a t e  product ion.  As shown i n  F igure 5, t h e  det r imenta l  
e f f e c t s  o f  low feed coa l  r e a c t i v i t y  can be p a r t i a l l y  o f f se t  by use o f  a disposable 
c a t a l y s t  such as i r o n  oxide/carbon d i s u l f i d e .  

L ique fac t i on  Co-Processing Using Carbon Monoxide and Water 

Several previous s tud ies  have repor ted the successful l i q u e f a c t i o n  o f  low rank coal 
a t  m i l d  r eac t i on  cond i t i ons  us ing  carbon monoxide and water i n  p lace o f  hydrogen 
gas (5 ,  1 5 ,  16). I n  these runs, hydrogen was prov ided by the water gas s h i f t  (WGS) 
reac t i on  i n v o l v i n g  carbon monoxide and water. I n  the  aqueous phase, a number o f  
c a t a l y s t s  such as a l k a l i  metal s a l t s ,  a l k a l i n e  e a r t h  s a l t s ,  and organic  n i t rogen 
bases have been shown t o  ca ta l yze  the WGS reac t i on  (17) .  

Hypothesizing t h a t  t h e  h igh  bas i c  n i t rogen  content  o f  A-6 shale o i l  would a lso 
cata lyze the WGS reac t i on ,  severa l  p re l im ina ry  1 i que fac t i on  co-processing exper i -  
ments us ing Wyo-3 c o a l ,  A-6 shale o i l ,  and CO/H20 were completed. As shown i n  
F igu re  6,  s i g n i f i c a n t  conversion o f  coal and 850"F+ shale o i l  t o  d i s t i l l a t e  l i q u i d s  
was obtained, even though the  reac t i on  condi t ions were very m i ld .  Use o f  i r o n  
s u l f a t e  as a d isposable c a t a l y s t  prov ided some improvement i n  y i e l d  s t ruc tu re  and 
coal conversion. Based on these encouraging r e s u l t s ,  a more extens ive study o f  
l i q u e f a c t i o n  co-processing us ing  carbon monoxide and water i s  underway. 

CONCLUSIONS 

A se r ies  o f  l i q u e f a c t i o n  co-processing experiments has been completed us ing two 
Wyodak subbituminous coa ls  and two shale o i l  feeds. Both hydrogen and carbon 
monoxide/water were evaluated as reducing agents. Resul ts  i nd i ca ted  t h a t  prehydro- 
treatment o f  the shale o i l ,  feed coal r e a c t i v i t y ,  and t o  some extent ,  use o f  a 
d isposable c a t a l y s t  a l l  a f f e c t  process performance. Sample A-6 was found t o  be an 
a t t r a c t i v e  feedstock f o r  l i q u e f a c t i o n  co-processing. D i s t i l l a t e  y i e l d s  i n  excess 
of 60 w t %  MAF coa l  were obta ined us ing  Wyo-3 coal and A-6 shale o i l  a t  t y p i c a l  coal 
l i q u e f a c t i o n  cond i t i ons .  Encouraging r e s u l t s  were a l so  obtained us ing CO/H20 a t  
much more m i l d  r e a c t i o n  condi t ions.  
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Table I 

Ultimate Analysis of Wyodak Subbituminous Coal Samples 

69.8 
4.7 
0.8 
0.3 

58.2 
4.3 
0.8 
2.9 

0.0 
0.0 
0.3 

Sample 

Ultimate Analysis, w t %  dry basis 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 

Sulfate 
Pyrite 
Organic 

Oxygen (difference) 
Ash 

wyo-1 wy0-3 

0.8 
0;9 
1.2 

18.3 
6.1 

13.9 
19.9 

Table I1 

Properties of Shale Oil Samples 

Sample 

W t %  Disti l led 

Water 
35O'F 
350°-5000F 
1OO0-65O0F 
150"-850"F 
85OoF+ 

Ultimate Analysis, w t %  dry basis 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen (difference) 
Ash 

A-5 

0.7 
4.2 
9.6 

18.8 
39.0 
27.7 

83.3 
12.1 
1.4 
0.5 
2.7 
0.0 

A-6 

0.1 
10.3 
18.3 
22.5 
29.8 
19.0 

84.7 
12.9 
1.2 
0.4 
0.8 
0 .o 
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Figure 1. Distillate Yield as a Function of 
Reaction Time and Shale Oil Feed 
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Figure 2. Hydrogen Utilization Efficiency as a 
Function o f  Reaction Time and Shale 
Oil Feed 



REACTION TIME (MIN.) 

Figure 3 .  Pyridine Conversion as a Function of 
Reaction Time and Shale Oil Feed 

WYO-I. A-6  WYO-3. A-6 

C.-85O'F H. UTILIZATION PYRIDINE CONVERSION. 
0ISTI;LATE YIELD, GEFFICIENCY IWT. '/: MAF BASIS1 . 
(WT% MAF COAL) 

Figure 4. Effect of Feed Coal Reactivity on 

825"F, 2000 psig H2,  30 
Process Performance (Reaction Con- 
di t ions:  
nin.)  
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C,- 850'F HZ UTILIZATION PYRIDINE CONVERSION, 
DISTILLATE YIELD. EFFICIENCY IWT. % MAF BASIS) 
(WT% MAF COAL) 

F igure 5. E f f e c t  o f  Feed Coal R e a c t i v i t y  on 

825°F. 2000 p s i g  H2, 30 
Process Performance (Reaction Con- 
d i t i o n s :  
min. ,  Fe203/CS2 C a t a l y s t )  

WYO-3. A-6 $&3. 8-6. 

-- 

C4-85O'F k$ UTILIZATION PYRIDINE CONVERSION, 
DISTILLATE YIELD, EFFICIENCY (WT. % MAF BASIS) 
(WT% MAF COAL1 

F igu re  6. L ique fac t i on  Co-Processing Y i e l d  
Resul ts  using Carbon Monoxide/ 
Water (Reaction Condit ions: 600°F. 
1500 p s i g  CO, 30 min.) 
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